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1 The effects of treating groups of rats with four different anabolic androgenic steroids (AAS)
(testosterone, nandrolone, methandrostenolone, and oxymetholone) on 5-hydroxytryptamine (5-HT)
and dopamine (DA) neurones in different brain regions were examined. The AAS was injected six
times with 1 week’s interval and the rats were sacrificed 2 days after the final injection. 5-HT and its
metabolite 5-hydroxyindoleacetic acid (5-HIAA), DA and its metabolites 3,4-dihydroxyphenylacetic
acid (DOPAC) and homovanillic acid (HVA) were measured. The effect on DA and 5-HT synthesis
rate was analysed as the accumulation of 3.4-dihydroxyphenyl-alanine (DOPA) and 5-
hydroxytryptophan (5-HTP), respectively, after inhibition of the amino acid decarboxylase with
NSD-1015 (3-hydroxy-benzylhydrazine dihydrochloride). Additionally, the monoamine oxidase
(MAO) activity was analysed in the hypothalamus.

2 The DOPAC+HVA/DA ratio was increased in the striatum in all treatment groups. However,
the synthesis rate of DA was significantly increased only in the methandrostenolone treated group.
3 The 5-HIAA/5-HT ratio was increased in all treatment groups in the hippocampus, in the frontal
cortex in the methandrostenolone-treated animals and in the hypothalamus in the testosterone- and
oxymetholone-treated rats, while the 5-HT synthesis rate was not affected by the AAS-treatments.
4 The MAO-A activity was increased in the oxymetholone-treated rats while the other treatment
groups were unaffected. The MAO-B activity was not changed.

5 The results indicate that relatively high doses of AAS increase dopaminergic and 5-
hydroxytryptaminergic metabolism in male rat brain, probably due to enhanced turnover in these

monaminergic systems.
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Introduction

The term anabolic androgenic steroids (AAS) comprises
testosterone and structurally related synthetic compounds
(Hoberman & Yesalis, 1995). AAS have been medically used
for treatment of various somatic and psychiatric conditions
(Hoberman & Yesalis, 1995). However, complications and the
development of more efficacious drugs have reduced the
medical use of anabolic-androgenic steroids (Bahrke et al.,
1990). Today AAS are mainly used illicitly both by athletes
and non-athletes (Williamson & Young, 1992). AAS are
commonly used in cycles of 6—12 weeks in doses up to 100
times the recommended therapeutic dose (Williamson &
Young, 1992). A wide spectrum of psychiatric side-effects
have been described following the abuse of AAS. In the early
career of abuse, positive effects on mood, e.g. euphoria,
increased energy and self-esteem, have commonly been
described (Corrigan, 1996; Lukas, 1996; Su et al., 1993). These
symptoms may occasionally take hypomanic or manic
proportions (Su et al., 1993; Pope & Katz, 1994). After
prolonged abuse of AAS, and possibly also escalated dose
regimens, labile mood with quick swings and lack of impulse
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control can occur (Corrigan, 1996). At this stage the
behavioural changes following AAS abuse may result in acts
of violence, including homicide (Choi & Pope, 1994; Corrigan,
1996; Schulte et al., 1993; Thiblin et al., 1997; Yates et al.,
1992). Depressive symptoms are frequently appearing in
connection to discontinuation of AAS use (Corrigan, 1996;
Pope & Katz, 1994).

The reported behavioural changes following AAS abuse
resemble the impulsive, aggressive and depressive symptoms
that have been associated with a dysregulation of central 5-
hydroxytryptaminergic activity in man (Coccaro, 1992;
Linnoila & Virkkunen, 1992; Virkkunen et al., 1995). This
has led to speculations that at least some of the AAS-mediated
behavioural changes could be mediated through changes in the
S-hydroxytryptaminergic activity in the CNS (Galligani et al.,
1996; Thiblin et al., 1997). Increased aggressive behaviour in
animals as a result of AAS administration is well established
(Bonson et al., 1994; Albert et al., 1992; Lumia et al., 1994). 5-
HT agonists, selective 5-hydroxytryptamine reuptake inhibi-
tors as well as other agents increasing the 5-HT transmission
have been reported to reduce aggressive behaviour in several
animal species (Fuller, 1996; Muehlenkamp et al., 1995; Olivier
et al., 1995). Bonson et al. (1994) have shown that the 5-



1302 |. Thiblin et al

Effect of anabolic androgenic steroids on monoamines

hydroxytryptamine system may play an important role in the
control of AAS-induced aggressive dominance in rats. These
findings, together with other experimental studies concerning
effects of steroids on various neurotransmitters, in which 5-
hydroxytryptaminergic markers are usually the ones most
influenced by steroids (Biegon, 1990), indicate that effects on
central 5-hydroxytryptaminergic activity may be an important
factor in AAS-related alterations in aggressive behaviour.

The positive effects on mood (Corrigan, 1996; Lukas, 1996),
together with observations of a possible addictive potential of
AAS (Brower, 1992), have inspired research concerning the
effects of AAS on the mesocorticolimbic reward system.
Johansson et al. (1997) have shown that treatment of rats with
nandrolone increased brain levels of f-endorphins in the ventral
tegmental area (VTA). VTA projects to the nucleus accumbens
in the striatum, where several central stimulants, e.g.
amphetamine and cocaine, act by enhancing dopaminergic
activity. A connection between AAS and central dopaminergic
activity has been reported in animal studies (Vermes et al., 1979).
In man, treatment with nandrolone has resulted in significant
increases in serum HVA concentrations (Hannan ez al., 1991).

The aim of the present study was to investigate the effects of
four different AAS, on the dopaminergic- and 5-hydroxy-
tryptaminergic neurones in rat brain.

Methods

Animals

Male Sprague-Dawley rats (B&K International AB, Sollentu-
na, Sweden), weighing 240—260 g, were housed five per cage
under controlled temperature (21°C) and humidity with a 12 h
light-dark cycle (lights on 0600 h). Food and water were freely
available. The compounds were injected subcutaneously (s.c.)
in a volume of 1.0 mlkg~! body weight. The animal
experiments were approved by the local Animal Ethical
Committee.

Animal treatment

Experiment I: (5-HT and DA metabolism and MAO-
activity) Forty rats were divided in five groups with eight
animals group ! receiving one of the following treatments: (1)
Peanut oil (control), (2) Testosterone propionate 5 mg kg~!,
(3) Nandrolone propionate 5 mg kg~', (4) Methandrosteno-
lone 5 mg kg~ !, or (5) Oxymetholone 5 mg kg~'. The animals
received one injection per week for 6 weeks. The weight of the
animals were monitored before each injection. The animals
were sacrificed with a guillotine 48 h following the Ilast
treatment. Brains were rapidly removed and the brain regions
(hippocampus, striatum, frontal cortex and hypothalamus)
were dissected and immediately frozen on dry ice. The samples
were stored at —70°C until assayed.

Experiment II: (5-HTP and DOPA accumulation) Forty rats
were divided in five groups with eight animals group~' and
treated as described above. Forty-eight hours following the last
treatment the rats were injected with NSD 1015, 100 mg kg™
s.c. (in water solution with pH brought to about five with
sodium hydroxide) and the animals were killed with a
guillotine 30 min after the NSD 1015 injections. Brains were
rapidly removed and the brain regions (hippocampus,
striatum, frontal cortex and hypothalamus) were dissected
and immediately frozen on dry ice. The samples were stored at
—70°C until assayed.

Determination of biogenic monoamines and metabolites
in brain tissue

The following endogenous compounds in various brain regions
were determined by use of high performance liquid chromato-
graphy (HPLC) with electrochemical detection according to
the method of Magnussion et al. (1980) with some
modifications (Larrson et al., 1990): 5-HT, 5-HIAA, 5-HTP,
DA, DOPAC, HVA, and DOPA. The mobile phase was 0.1 M
phosphate buffer (pH 2.5):methanol: acetonitrile —89:9:2
v v~!, containing 1 mM octylsulphate. The frozen samples
were weighed and homogenized in perchloric acid 0.1 M,
containing sodium bisulphite 2.5 mM, ethylendiamine tetra-
acetic acid (EDTA) 1 mM and isoprenaline as internal
standard. The supernatants were injected directly onto a
Supelcosil LC-18-DB (3 pm) column, connected to a detector
(ESA Coulochem 5100A), set to 0.05/0.30 V.

Tissue preparation for MAO assay

One half of each hypothalamus was used for the MAO assays.
The tissues were homogenized in 40 volumes (v w™' of a
sucrose solution 0.32 M. Aliquots of the homogenates were
immediately used for the MAO activity assay using 5-HT
synaptosomes (nerve terminals) and the rest was frozen at
—20°C for the assay of total MAO-A and MAO-B activities
and protein determination.

MAO assay

MAO activity was determined according to a modified method
of Wurtman & Axelrod (1963) using substrates for the A-form
(["*C]-5-HT) and B-form (["*C]-phenethylamine, PEA) of
MAO. The incubation medium mixture consisted of 25 ul of
the homogenate, 950 ul of 0.11 M sodium phosphate buffer,
pH 7.4. Following 10 min preincubation at 37°C, 25 ul of the
radioactive substrate, either ['*C]-5-HT (50 um final concen-
tration) or [*C]-PEA (0.9 uM final concentration) was added.
The incubation was continued for 5 min in a water bath at
37°C. The reaction was stopped by addition of 1 ml of 1 M
HCI. Blanks were obtained by addition of HCI before ['“C]-5-
HT. The acid metabolite was extracted into 6 ml ethyl acetate
by vigorous shaking in a multi-tube vortex mixer (Model 2601,
Scientific Manufactoring Industries). After centrifugation,
4 ml ethyl acetate was transferred to a counting vial containing
10 ml liquid scintillation cocktail (Ultima Gold, Packard). The
radioactivity was measured in a liquid scintillation counter
(LS6000TA, Beckman). MAO activity was expressed as
pmol product mg protein~' 5 min~".

MAO activity in 5-HT synaptosomes

The deamination of ['“C]-5-HT by the homogenate in sucrose
containing intact synaptosomes was determined as described
previously by Ask et al. (1983). After a 10-min preincubation of
50 ul of the homogenate in 925 ul of Krebs-Henseleit’s buffer,
pH 7.4, containing glucose 5.6 mM, ascorbic acid 1.1 mM and
disodium edetate 0.13 mM, the incubation was continued for a
further 10 min at 37°C with ['*C]-5-HT (0.1 uM) in the absence
and presence of 0.12 uM citalopram. The deaminated product,
["*C]-5-HIAA, was extracted into ethyl acetate as described
above. The total deamination was obtained in the absence of
citalopram and the deamination in the 5-HT synaptosomes was
calculated from the difference of the deamination in the absence
and the presence of citalopram. MAO activity was expressed as
pmol 5-HIAA mg protein™' 5 min~".
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Protein determination

The protein concentration in hypothalamus homogenates was
analysed according to a slightly modified method of Lowry et
al. (1951).

Compounds

Testosterone propionate (4-androsten-17b-ol-3-one 17-propio-
nate), nandrolone propionate (19-nortestosterone 17-propio-
nate), methandrostenolone (1-dehydro-17a-methyltestos-
terone) and oxymetholone (17b-hydroxy-2-hydroxymethy-
lene-17-methyl-5a-androstan-3-one) were all purchased from
Sigma, St. Louis, MO, U.S.A. They were all dissolved in
peanut oil at a concentration of 5 mg ml~', containing 10%
ethanol.  5-Hydroxytryptamine ['*C]-creatinine sulphate
(55 mCi mmol~") and 2-phenyl[1-"*CJethylamine hydrochlor-
ide (50 mCi mmol~') were bought from Amersham Interna-
tional ple, Buckinghamshire, U.K. NSD 1015 was purchased
from Sigma. Other compounds used were of highest purity
available.

Statistics

All statistical analyses were calculated in the computer
program Statistica™ Version 5. Analysis of variance was tested
with ANOVA followed by Tukey HSD post-hoc test, with a
significance level of P <0.05.

Results
Dopamine and its metabolites

The concentration of DA was increased in the striatum in the
AAS-treated rats as compared to the controls (Table 1). This
increase met significance (P<0.01) in the oxymetholone-
treated rats. DOPAC and HVA concentrations were sig-
nificantly increased in the striatum in all treatment groups
(DOPAC: P<0.001; HVA: testosterone and nandrolone
P<0.05, methandrostenolone and oxymetholone P <0.01)
(Table 1). The DOPAC+HVA/DA-ratio was significantly
increased in striatum in the following groups: testosterone and
methandrostenolone P<0.01 and nandrolone: P<0.05 (Table
1). No changes were seen in the DA, DOPAC or HVA
concentrations in the frontal cortex (data not shown).

DA synthesis rate
There was a significant increase in the DA-synthesis rate

measured as DOPA accumulation in the striatum in the
methandrostenolone-treated rats (P<0.01) compared to the

control group. No significant changes in the other treatment
groups were seen (Table 1).

S-Hydroxytryptamine and its metabolites

There was a significant (P <0.01) increase in 5-HT concentra-
tions in the hippocampus in the oxymethenolone-treated
animals compared with the controls. No changes in the other
regions were seen (Table 2).

In the hippocampus and frontal cortex there was a general
pattern of increased levels of 5-HIAA in the AAS-treated rats.
Significance was reached in the oxymethenolone-treated
animals in both brain areas (P<0.001 and 0.01, respectively)
and nearly reached significance in the hippocampus in the
nandrolone and testosterone-treated groups. In the other brain
regions examined there were no changes in the S5-HIAA
concentrations (Table 2).

A significant increase in the 5-HIAA/5-HT ratio was found
in the hippocampus for all AAS-treated groups (P<0.01) as
compared with controls (Table 2). A similar pattern of general
increase in the 5-HIAA/5-HT ratio for AAS-treated animals
were seen in the other brain areas examined, but significance
was only reached for the methandrostenolone group in the
hypothalamus (P <0.05) and for testosterone (P<0.01) and
oxymetholone (P<0.01) in the frontal cortex (Table 2). There
were no significant changes in the striatum.

5-HT synthesis rate

There was a tendency for increased hippocampal 5-HTP
accumulation in the methandrostenolone-treated animals,
which, however, did not reach statistical significance (Table
2). No changes in the 5-HTP accumulation were seen in the
other brain regions following either of the AAS treatments.

MAO-A and MAO-B

MAO-A and MAO-B activity in the hypothalamic homo-
genates were analysed with ["“C]-5-HT and ['“C]-PEA,
respectively, as substrates. There was a significant (P<0.01)
increase of MAO-A activity in the oxymetholone-treated
group, while the other treatment groups were unaffected
(Table 3). There were no changes in MAO-B activity between
the groups (Table 3).

MAO activity within 5-HT synaptosomes

The MAO activity within 5-HT synaptosomes in the
hypothalamic homogenates were analysed with a low
concentration of ['*C]-5-HT that is actively accumulated in
these synaptosomes. The difference in the deamination of 5-
HT to 5S-HIAA in the absence or presence of the selective 5S-HT

Table 1 Effect of different AAS-treatments on the dopamine system in rat striatum

Control Testosterone

(nmol g M} (nmol g1
DA 60.14+12.2 69.0+3.40
DOPAC 5.57+1.06 8.11£0.50%**
HVA 2.594+0.57 4.4140.72%
DOPAC + 0.144+0.02 0.184+0.02%*
HVA/DA
DOPAT 8.27+0.84 9.124+1.99

Nandrolone Methandrostenolone ~ Oxymetholone
(nmol g1 (nmol g1 (nmol g 1)
71.5+3.8 68.8+8.5 77.0+7.6%*
8.09 4 0.54%** 7.67 4+ 1.22%%* 8.41 £0.51%**
4.45+0.55* 4.88+1.76%* 5.08 4+ 1.57**
0.1840.2*% 0.184+0.05%* 0.174+0.02
8.90+0.76 10.3+1.11%* 8.66+0.95

*P<0.05, **P<0.01 and ***P<0.001 significant change from control. {Expressed as mean nmol g"'+s.d. n=8 group'. tFrom

experiment II, following NSD 1015 treatment.
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Table 2 Effect of different AAS-treatments on 5-HT, 5-HIAA and 5-HTP concentrations in the rat brain

Control Testosterone
(nmol g Hi (nmol g

Hypothalamus
5-HT 3.40+0.45 2.84+0.43
5-HIAA 2.13+0.29 2.054+0.23
5-HIAA/5-HT 0.6240.04 0.73+0.07
S5-HTPY 1.55+0.16 1.63+0.17
Hippocampus
S5-HT 2.934+0.31 2.9240.27
5-HIAA 1.7440.25 2.204+0.29
5-HIAA/5-HT 0.5940.04 0.75+0.08**
S5-HTP 0.62+0.06 0.714+0.10
Striatum
S5-HT 3.71+0.49 3.30+0.25
5-HIAA 3.2540.37 3.2740.33
5-HIAA/5-HT 0.884+0.06 1.0040.12
S-HTP 0.07+0.07 0.744+0.11
Frontal cortex
S-HT 4.00+0.49 3.64+0.35
S5-HIAA 1.4140.18 1.5540.10
5-HIAA/5-HT 0.3540.02 0.434+0.07**
5-HTP 0.5840.06 0.6440.16

Nandrolone Methandrostenolone ~ Oxymetholone
(nmol g ") (nmol g ") (nmol g
3.06+0.36 2.85+0.45 3.12+0.60
2.1440.43 2.13+0.39 2.09+0.37
0.704+0.07 0.75+0.07* 0.68+0.11
1.384+0.17 1.614+0.18 1.55+0.18
2.88+0.25 3.25+1.14 3.64+0.53%*
2.2140.37 2.26+0.33 2.83+0.43%*
0.76 +£0.09** 0.72+0.12%* 0.78+0.11**
0.59+0.07 0.77+0.13 0.75+0.13
3.28+0.32 3.48+0.52 3.72+0.45
3.19+0.27 3.38+0.57 3.47+0.21
0.98+0.11 0.97+0.06 0.94+0.13
0.69+0.08 0.80+0.11 0.724+0.07
3.90+0.23 3.81+0.33 3.72+0.31
1.63+0.15 1.574+0.18 1.66+0.20%*
0.42+0.04 0.41+0.03 0.45+0.06**
0.52+0.05 0.65+0.07 0.61+0.09

#*P<0.01, **P<0.001 significant changes from control group. {Expressed as mean nmol g ' +s.d. n=8 group '. +From experiment II,

following NSD 1015 treatment.

Table 3 MAO-A and MAO-B activities in hypothalamic homogenates in AAS-treated rats

Control Testosterone Nandrolone Methandrostenolone Oxymetholone
(pmol mg protein ' (pmol mg protein'  (pmol mg protein'  (pmol mg protein ' (pmol mg protein '
Smin ) Smin ) Smin ) Smin ) Smin )
MAO-A 112+7 10749 107+15 101+18 1374 12%*
MAO-B 724+ 111 700+ 54 812+177 867+152 824+116
Values are expressed as mean pmol mg protein ' 5 min ' +s.d. **P<0.01, significant change from control.
Table 4 MAO activity in hypothalamic 5-HT synaptosomes from AAS-treated rats
Control Testosterone Nandrolone Methandrostenolone Oxymetholone
(pmol mg protein™'  (pmol mg protein”!  (pmol mg protein”'  (pmol mg protein”!  (pmol mg protein~!
MAO 5 min ) 5 min ) S min ) S min ) S min )
Total 36+4 3543 36+5 3343 3343
Extra-5-HT 16+4 15+1 15+2 16+2 18+2
Intra-5-HT 21+4 20+2 19+4 17+4 1642

MAO activities expressed as mean pmol mg protein ' 5 min ' +s.d.

reuptake inhibitor citalopram, is supposed to be a measure of
the MAO activity in the 5-HT synaptosomes.

There were no changes in total MAO activity or extra-5-
hydroxytryptaminergic MAO activity between the treatment
groups (Table 4). Although there was a tendency for decreased
intra-5-hydroxytryptaminergic MAO activity in the oxymetho-
lone- and methandrostenolone treated animals these changes
did not reach statistical significance (Table 4).

Discussion

The doses given in our study (5 mgkg~' week™') were
calculated to roughly correspond to those used by body
builders who self-administer AAS, i.e. 1-10 mg kg~ "' week !
(Mats Garle, Doping Laboratory, Huddinge Hospital,
personal communication). Doses at these levels are regarded
as supra-physiological in man but have been described as both
physiological (Mendelson & McEwen, 1990) and supra-

physiological in rats (Knoth et al., 1993). Because it has been
shown that androgens interact with other steroid receptors
(Janne, 1990) we chose a relatively moderate dose-regimen
believing that such a strategy might minimize the risk of ‘spill
over’ effects on other steroid receptors such as glucocorticoid
and progesterone receptors.

In the present study an increased DA-metabolism
(measured as the ratio between DOPAC/DA) was seen in the
striatum in the four AAS-treated animal groups. However,
when measuring the effect of these treatments on DOPA
accumulation following NSD-1015 treatment, a significant
increase was seen only in the methandrostenolone group. Also
the 5-hydroxytryptaminergic system was affected by AAS
treatment. Thus, it was found that 5-HT metabolism
(expressed as 5-HIAA/5-HT ratio) was significantly increased
in the hippocampus. However, 5-HT synthesis rate (measured
as accumulation of 5-HTP after inhibition of aromatic amino
acid decarboxylase activity), was not significantly enhanced.
The possibility that the increased levels of 5-HIAA and
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DOPAC+HVA are caused by an increase in MAQO-activity is
contradicted by the MAO-analysis that showed no significant
change in the total activity of MAO and the intra-5-
hydroxytryptamine MAO activity measured in vitro. The
results could be interpreted as a primary effect of AAS on
neuronal activity, reflected by the increased DOPAC+ HVA/
DA and 5-HIAA/5-HT ratios. This should result in an
increased demand of transmitter leading to increased
transmitter synthesis. However, a significant increase in DA
synthesis in striatum was only seen in the oxymetholone group
and no significant increase in 5-HT synthesis was observed in
any of the treatment regimes or brain regions analysed. It is
possible that the increase in the synthesis rate is too low to be
detected with the method used. Furthermore, it has recently
been reported that NSD 1015 in itself can increase 5-HTP
accumulation in the rat brain (Miick-Seler & Dicsik, 1995).
This increase may blunt the enhancement of 5-HTP (and
possibly also DOPA) accumulation evoked by other means,
e.g. AAS treatment.

In addition to the increases in DA and 5-HT, exclusively
found in the oxymetholone treated rats, there was a significant
increase in the levels of MAO-A in this group of animals that
was not observed in the other groups. The principal substrates
for MAO-A are noradrenaline and 5-hydroxytryptamine, thus,
the increase in MAO-A activity (which was assessed in the
hypothalamus) found in the oxymetholone-treated animals
may reflect a compensatory increase in enzymatic activity due
to marked increase in 5-hydroxytryptaminergic and noradre-
nergic activity.

The increase in 5-hydroxytryptaminergic metabolism found
in the present study is in contrast with the results of earlier
studies where treatment with testosterone propionate
30 mg kg~ ' day™' during a 14 day period resulted in
decreased levels of 5-HT and 5-HIAA in the hippocampus
(Bonson & Winter, 1992) and where 45 days of weekly
treatment with testosterone propionate (10 mg kg~!) resulted
in decreased levels of 5-HT in the diencephalon (Martinez-
Conde et al., 1985). One explanation for the conflicting results
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